The pathway of gluconeogenesis is distinguished from that of glycolysis by several enzyme reactions which overcome the energy barriers preventing a direct reversal of glycolysis.I These reactions are* catalyzed by pyruvic carboxylase, PEP-carboxykinase, fructose-1,6-diphosphatase, and glucose-6-phosphatase. Considerable emphasis has been placed on the possibility that control of the rate of gluconeogenesis may be exerted at one or more of these sites since (a) the liver content of these enzymes in vivo increases after some hours or days under conditions of enhanced gluconeogenesis,2 and (b) the activities of pyruvic carboxylase and fructose-1,6-diphosphatase are regulated by cofactor requirements in vitro. Fructose diphosphatase is inhibited by its substrate and by AMP3' 4 while pyruvic carboxylase is activated by acetyl CoA and inhibited by ADP.6 However, proof that these sites control gluconeogenic flux in the intact liver has so far been lacking. Recently, it has been shown that fatty acids cause an immediate increase of glucose production from alanine or lactate both in liver slices6 and in the perfused rat liver.7' 8 This response is unlikely to be caused by changes of enzyme content and provides a suitable means of studying the effect of rapidly acting control mechanisms on the gluconeogenic enzyme sequence.
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In order to gain further insight into the nature of the mechanisms involved, an emulsion of oleic acid in bovine serum albumin was added to an isolated blood-free perfused rat liver preparation, and the frozen tissue analyzed for metabolic intermediates. Results reported here indicate that in short-term experiments, the rate of gluconeogenesis can be controlled at the glyceraldehyde-3-P dehydrogenase step by the cellular level of DPNH.
Materials and Methods.-Male Wistar rats, 180-220 gm in weight, were anesthetized with sodium pentobarbital (50 mg per kg body wt) 18-24 hr after food deprivation. The portal vein and bile duct were cannulated, with the time of hypoxia during the dissection procedure restricted to about 30 sec. The perfusion fluid was Krebs bicarbonate buffer containing 4 per cent bovine serum albumin (fraction V, Sigma Chemical Co.), 5 X 10-5M EDTA, and 10 mM L (+) alanine. This was filtered through a Millipore filter (0.45 ,.) immediately prior to use. Initially, the recirculating volume of medium was 100 ml, and 2-ml aliquots were removed periodically for chemical analyses. Perchloric acid extracts were prepared by adding 2 ml of 8 per cent (v/v) perchloric acid to a 1-ml aliquot of perfusate, centrifuging for 10 min at 27,000 9, and neutralizing the supernatant with a solution containing 3 N K2CO3 and 0.5 M triethanolamine.
The perfusion apparatus was modified from that described by Miller et al. 9 The equilibration of oxygen between the gaseous and liquid phaseswas imperfect with this apparatus (the affluent fluid being only 45-50% saturated with oxygen), but the high flow rate through the liver (40-60 ml/min) allowed an adequate extraction of oxygen from the medium, as judged from the effluent oxygen tension, which was in the range of 150-200 mm Hg. Figure 1 shows that the rate of glucose production by infusion (50 Amoles/min for the liver was increased twofold by the infusion of oleic 3 min, followed by 3 jimoles/ min) on the rate of glucose acid The control rate of glucose production was about production by the perfused 80 Amoles/100-gm rat wt over the first hour, which is rat liver. The vertical bars represent two standard errors similar to that reported by Struck et al.7 but conof the mean.
siderably smaller than that found by Exton and Park." These two groups of workers used lactate rather than alanine as a gluconeogenic precursor. The glycogen content of livers in both the control and experimental groups was very low (1.9 i 0.7 and 2.6 i 0.9 j.moles glucose equivalents/gm wet wt, respectively, after 35 min) and did not change appreciably during the perfusion (1.9 + 0.6 and 2.5 4 0.4 imole glucose equivalents gm wet wt, respectively, after 60 min). A few livers which contained considerably more glycogen were discarded. Therefore, the glucose produced represents a net synthesis from alanine.
Control experiments showed that infusion of an albumin solution with no added oleic acid, at the same rate and amount as the oleic acid emulsion, had no effect on the rate of glucose production when alanine was present in the medium. When alanine was omitted from the perfusion medium, glucose production was very small both in the absence and presence of oleic acid (1.4 and 6.1 ,moles/100 gm rat wt/30 min, respectively), indicating that without hormonal stimulation the liver relies on an external source for gluconeogenic precursors.
Crossovers of glycolytic intermediates: The effect of oleic acid on the levels of intermediates in the gluconeogenic sequence from lactate to glucose is shown in Figure 2 . Livers were frozen after 35 and 60 min of perfusion. The data are presented in the form of a crossover plot,'0' 12 where the intermediates are placed along the abscissa in the order in which they are formed in the gluconeogenic enzyme sequence, while the ordinate gives the percentage change of each intermediate relative to the mean control value. With this type of plot, sites of interaction (or control sites) are located at the crossover point between relative depletion and accumulation of intermediates when flux through the pathway increases.'3 14 The results shown in Figure 2 demonstrate a site of interaction between 3-P glyceric acid and glyceraldehyde-3-P, which was apparent as early as 5 min after the addition of oleic acid. Because of the experimental difficulty in measuring the low levels of 1,3-di-P glycerate in the tissue, the data do not allow the P-glyceric kinase and glyceraldehyde-3-P dehydrogenase sites to be distinguished directly. However, measure- Lact, lactate; Pyr, pyruvate; OAA, oxalacetate; PEP, phosphoenolpyruvate; 2PGA, 2-P glyceric acid; GAP, glyceraldehyde-3-P; DAP, dihydroxyacetone-P; FDP, fructose-1,6-di-P; F6P, fructose-6-P, G6P, glucose-6-P; Gluc, glucose; GAPDH, glyceraldehyde-3-P dehydrogenase; PGK, P-glyceric kinase. ment of the levels of adenine and pyridine nucleotides in the tissue elucidates the nature of the control mechanism.
Nucleotide control: The adenine nucleotide content of livers under control and experimental conditions is shown in Table 1 . Oleic acid causes a 30 per cent decrease of ATP, a small increase of ADP, and a 166 per cent increase of AMP after 30 min of perfusion. The changes 5 min after oleic acid addition were in the same direction as after 30 min, but were smaller, and not statistically significant. Of particular importance is the observation that the ATP-ADP ratio decreases. If the P-glyceric kinase reaction were to be stimulated in the direction of 1,3-di-P-glycerate synthesis by a mass action effect of the adenine nucleotides, it would be necessary for the ATP-ADP ratio to rise. The fact that a decrease occurs under conditions of enhanced gluconeogenesis suggests that control of P-glyceric kinase is not involved.
The oxidation-reduction state of the pyridine nucleotides in tissues may be determined either by measuring the total content of the individual nucleotides in the tissue or by measuring the ratio of the concentrations of substrate redox couples which are in approximate equilibrium with their respective dehydrogenases.15 Figure 3 shows the ratio of the concentrations of lactate and pyruvate in the perfusion medium. In control livers, a marked decrease of the lactate-pyruvate ratio was apparent during the first 15 min of perfusion, but a stable value of about 6 was reached after 30 min. Within 5 min after the addition of oleic acid, the ratio increased to a value of 16 and remained at this level during the period of oleic acid infusion. Changes in the oxidation-reduction state of tissue components are shown in Table 2 addition of oleic acid, while oxalacetate levels remained unchanged. After 30 min of perfusion in the presence of oleic acid, the levels of all three intermediates decreased relative to the controls. Malate on the other hand was elevated, in accordance with the more reduced state of the DPN-DPNH system. The diminished levels of citrate and a-ketoglutarate were associated with enhanced ketogenesis and accumulation of acyl CoA (Table 4) . Aspartate levels increased, while glutamate remained approximately constant after the addition of oleic acid ( Table 4 ), indicating that alanine is probably metabolized by transamination with a-ketoglutarate to form pyrtuvate and glutamate, followed by the further transamination of glutamate with oxalacetate to yield aspartate and a-ketoglutarate. Aspartate is then further metabolized in the urea cycle. Since these transaminations are equilibrium reactions, the necessary driving force would appear to be derived from the accelerated utilization of pyruvate by gluconeogenesis, which causes a marked diminution in the tissue levels of pyruvate (Fig. 2) . Discussion.
-The present results demonstrate that an increased availability of fatty acids, in conjunction with an adequate supply of suitable gluconeogenic precursors, provides a powerful, rapidly acting stimulus for enhanced gluconeogenesis and ketogenesis in the liver. The rapidity of the response ensures the absence of any effect due to changes of enzyme content. Alanine was chosen as a substrate in the present study, because it was desirable to use a glucose precursor not directly related to the dehydrogenase redox couples.
Enhanced respiration of fatty acids causes a perturbation of the oxidation-reduction state of the mitochondrial pyridine nucleotides due to the formation of DPNH at the ,3-hydroxyacyl CoA dehydrogenase step. The more reduced state of the mitochondrial DPN system is transmitted to the cytoplasmic DPN system by one of the possible hydrogen transport cycles,16 and the ratio of reductant to oxidant of each of the dehydrogenase substrate redox couples in both compartments is increased. Of the DPNH thus formed by fatty-acid oxidation, part is oxidized by the cytochrome chain with the production of ATP, while part is utilized in the reductive step of gluconeogenesis. The lack of a significant effect of oleic acid on the ratio of a-glycerophosphate to dihydroxyacetone-P may be due to an enhanced rate of a-glycerophosphate utilization, either by triglyceride synthesis or oxidation by the flavin-linked mitochondrial a-glycerophosphate oxidase.
The crossover plot of the glycolytic intermediates indicates that the increased ratio of DPNH to DPN in the cytoplasm may be the primary stimulus for the increased rate of gluconeogenesis following the addition of fatty acids to the system. The free DPNH concentration in the cytoplasm, calculated in the manner described by Borst,"7 is normally below the Km for DPNH in the glyceraldehyde-P dehydrogenase reaction (3.3 ,M),'8 hence an increase of DPNH could provide an effective means of controlling carbohydrate synthesis if an enzyme site in the sequence from pyruvate to 1,3-di-P-glycerate was not already the rate-limiting step.
Pyruvic carboxylase is the most noteworthy of the possible control sites in the sequence from pyruvate to P-glycerate since this enzyme is critically dependent on acetyl CoA for activity.5 1' Although enhanced availability of fatty acids has been shown to increase the level of acetyl CoA in liver,20 the reported control values are rather high compared with the Km value of 20 ;4A\,' and a further increase may not have a profound effect on the reaction velocity. Experimental conditions favorable to revealing control at the pyruvic carboxylase site might be provided by the use of high concentrations of lactate as a gluconeogenic precursor, which would enhance the state of reduction of the cytoplasmic DPN system, and possibly cause a greater increase in the capacity of the triose dehydrogenase step relative to that of the pyruvic carboxylase step. Exton and Park" obtained evidence indicating control at a site between pyruvate and the triose phosphates upon addition of lactate to the perfused rat liver, but their data do not allow a precise identification of the control site.
Krebs et al. 1, 21 working with pigeon liver homogenates, have suggested that the rate of gluconeogenesis may be controlled primarily by adenine nucleotides, the principal effects being due to AMP, which (a) stimulates phosphofructokinase, (b) inhibits fructose-1,6-diphosphatase, and (c) inhibits PEP-carboxykinase." Although AMP levels increased almost threefold in the present experiments, the data provide no evidence in favor of these sites being rate-controlling steps. Coordina- 25 The regulation of fatty acid oxidation and tricarboxylic acid cycle activity is still a matter of some conjecture, but it is probable that the total activity of both pathways at any given time is controlled by the availability of phosphate acceptor to the electron transport chain. An increased supply of fatty acids to the liver increases both ketone body formation and the level of reduced pyridine nucleotides, suggesting that none of the steps involved in the activation of fatty acids to the acyl CoA and acyl carnitine derivatives are rate-limiting (cf. ref. 26) . Increased participation of fatty acid oxidation in the terminal electron transport pathway would therefore be expected to lead to a decreased activity of the tricarboxylic acid cycle, unless the respiration rate was increased proportionately. Acyl carnitine derivatives have been shown to compete effectively with pyruvate for oxidation in rat liver mitochondria,27 possibly due to competition for CoA in a mitochondrial compartment, although competition for DPN is not excluded. Inhibition of pyruvate decarboxylation has also been reported in livers from diabetic28 and fasted29 rats. Pyruvate metabolism is thus channeled toward oxalacetate formation and gluconeogenesis when fatty-acid respiration is increased.
The decreased levels of citrate and a-ketoglutarate in liver upon addition of oleic acid observed in the present experiments suggest a decreased activity of the tricarboxylic acid cycle, which is unrelated to oxalacetate levels, in agreement with the findings of Shepherd et al. 0 on isolated rat liver mitochondria. Citrate synthase may be controlled by the level of fatty-acyl CoA as proposed by Wieland et al., 16 but 
